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ABSTRACT 

Achieving accurate proload in threaded faotenera is an important and often 
critical problem which ia encountered in nearly all Sectors of government and 
industry* Conventional tensioning methods which rely on torque carry with 
them the disadvantage of requiring constant friction in the fastener in order 
to accurately correlate torque to preload. Since most of the applied torque 
typically overcomes friction rather than tensioning the fastener, small 
variations in friction can cause large variations in preload. An Instrument 
called a pulsed-phase locked-loop Interferometer, which was recently developed 
at NASA Langley, has found widespread use for measurement of stress as well as 
material properties. When used to measure bolt preload, this system detects 
changes in the fastener length and sound velocity Which are Independent of 
friction. The system is therefore capable of accurately establishing the 
correct change in bolt tension. This high-resolution Instrument has been used 
for precision measurement of preload in critical fasteners for numerous 
applications such as the Space Shuttle landing gear and helicopter main rotors. 




INTRODUCTION 

Tor aca»?afeoly mXuring^^ developing a technique 

of fore, today wo have just ouch an lrtflt:rMmnnc f eo^oJ ^f,, f 8 ? roflMU of 
loop interforcmetor. Thin now moaouromonf S n ??I l «l n P'^^phaflo locked- 
torquo for meeting the dblectivo of chpmHnn^c ° m °^ 0pfl vast improvement over 

*»*«* «■« Of etapiiTK o' JjJxSd'JJSf;" 0 ”* cho 

KoMo. with the oonvontlonol tot^L “«»<*<*• iho 

eineo moat of the applied torque gooo tLard «!nr ob ? aln J n B preload la that 
are caused by varlatieno in friction. eonwonM^ 6 ?™* 11 ® fFleet0n * large orroro 
preload aeeuraey of 20 pereont at best and it i^n *°° eE 1 !°^ U0 «ehievea 
an aeeuraey of only 50 percent or evon’JJrL 16 J 6 at al1 unu0u «l to expect 

preload. The solution ia to measure stress naJ"! Eeequo t0 measure bolt 
locked °loop system ultrasonieally measures belt The P ,ll8ed “Phase 
friction. With this new system/boU Reload L rt K C eh Wltheut ra0a ««^«8 
ranging from better than 1 pe r ce ntfo r aood leml f !?T Ured wlth ^curacies 
3 f Percent for fasteners having 

p^^^qS^f^r e bol^ kb preload 6 meL^rement^^d^shoi^f th " conveat tonal nse 
improvements obtainable with some ultrasonic r! hJ ata illuBtrat ln8 the 
background information about previous k! l n m"*!*, The report gives 
the current pulsed-phase locked -loop ^sjstem and dt^ d C ° devel °P™e 0 t of 
limitations which have been eliminated^ Th,! ? dlscu88es 80 ™e of the earlier 
system. The present pulsed-phase TolL/, Current 8ta f 0 -of“the-art 
examples of bolt preload measurement annlJr' f« 8y3tRm 18 de8crlbe d giving 
capabilities of this “er8”au r ™.«ur^i t 1C ?S«;™“° c r U ““ <1mm1m «8 «*« 


*>. iV: 'Ll r'Wfe »r\ • 


dV 

dS 


ULTRASONIC BOLT MEASUREMENTS 

F] . f 


M l " L g («* 3K * g) A/l 

An" F; 


I dV I 


VI Vl I 


AS 


Bp (X+ 2 /i/ 3 )V 


I |tl |+fi 

•J\AAj ra 




211 \ | h-UX ( 4 ffl i 4 Xi IOu) 

A 


EXAMPLE FOR MILO STEEL 
AF "0.632 AS ( POUNDS/IN 8 ) AT 5MHz 



In order to illustrate how bolt preload can be measured ultrasonlcally, an 
analogy can be made to the pipe organ. A pipe organ uses pipes of different 
lengths so that each pipe has a different resonance frequency in accordance 
with Its length* If one of these pipes was to be made slightly longer or 
shorter, and if the sound velocity of the gas In the pipe was changed, the 
resonance frequency would shift in proportion to the change In length and gas 
sound speed* In a similar manner, continuous wave (CW) type bolt monitors use 
the bolt as an ultrasonic resonator (like the organ pipe). An ultrasonic 
transducer Is placed on the end of the bolt producing sound waves within the 
bolt* The ihsonlfied bolt typically has several resonance frequencies 
(see Fig. above), i.e., the fundamental plus a number of harmonics which are 
integral multiples of the fundamental. When the bolt is tightened, the length 
and sound velocity changes cause a proportional change In resonance 
frequency* By tracking the resonance frequency changes, the bolt monitor Is 
also tracking stress (preload) changes since the change tn resonance frequency 
Is equal to a constant times the change In stress. 
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INTRODUCTION TO THE MEASUREMENT SYSTEMS 
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MEASUREMENT SYSTEM DETAILS 


ROUS BOLT MONITOR 



ACOUSTIC SPECTRA VERSUS LOAD 



The ROUS system, as previously mentioned, uses a complex transducer 
acoustically coupled to the bolt to transmit and receive ultrasonic waves. 

The electronics system Incorporates a special marginal oscillator which uses 
resonance feedback from the bolt to track stress-induced resonance frequency 
changes. By examining the above typical acoustic spectral response of a bolt 
at different preload levels, one can see that tightening of the bolt causes 
the resonance frequency to shift. The ROUS bolt monitor measures these 
stress-induced changes in bolt resonance frequency with a high degree of 
accuracy. ® 
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In order to show the relationship between actual bolt preload, applied 
tightening torque, and acoustic resonance frequency, the test arrangement 
shown In the top left figure above Is used. In this arrangement, a bolt is 
placed through a load cell and a torque wrench Is used to tighten the bolt to 
a known load level. A ROUS system measures stress-induced resonance frequency 
shifts In the bolt. Typical torque and frequency shift data are shown in the 
top right figure as a function of load cell force. This Illustrates that 
frequency Is much more directly related to bolt preload than Is torque. 

In the lower left figure, data for a bolt tightened 20 times illustrate that 
use of torque can result In large variations in bolt preload. In this case, 
retightening of a bolt 20 times results In a 70% change In bolt preload. Note 
that the ultrasonic data consistently track bolt preload regardless of 
changes In friction. The slight change in slope of the ultrasonic data Is due 
to a small change In load length resulting from yielding ol the fastener 
threads. In the lower right figure a bolt is tightened to failure showing 
that the ultrasonic frequency data track bolt stress all the way to 
fracture. One can see from this that the ultrasonic system can even be used 
to detect yielding of the fastener since the ultrasonic frequency will 
continue to Increase after the applied torque stops Increasing. 
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BLOCK DIAGRAM 
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The P L system is the state-of-the-art Instrument offeringMgh resolution 
without the limitations of previous bolt monitors. The P°L 2 shown in the 
above block diagram uses a voltage-controlled oscillator (VCO) and gate to 
send out an electronic pulse consisting of a few cycles of RF energy to drive 
an ultrasonic transducer. This produces an acoustic tone burst or sound wave 
pU l 8e Jl) at travela down th e length of the bolt and bounces off of the far 
?":* J he p 5 T e 5 ur ? ln8 ^ho produces an electronic signal that is received back 
into the PL , is amplified and goes to a phase detector. The phase detector 

P ^ 8e 0f the recelved 8l 8 nal t0 that the signal that went out 
generates a voltage proportional to the difference in phase, and (when the 

Instrument is locked) changes the frequency of the VCO such that the phase of 
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we preload the bolt we change the acoustic pathlength as well as the velocity 
of sound and cause a change in the output frequency of the P 2 L 2 . 7 
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The P 4 I/ system Is actually measuring small changes in acoustic propagation 
time In the bolt. The right-hand figure on the preceding page shows a bolt in 
the unloaded and loaded configurations. Before loading, the pulse propagation time 
(or time of flight) is T whereas after preloading the propagation time becomes 
T + AT. This small change in propagation time, AT, can be measured in the time 
domain or in the frequency domain. In the time domain, the time of flight is the 
acoustic pathlength, L, divided by the velocity of sound, V. If we take the 
derivative of T with respect to stress, we obtain an expression containing 
stress-induced length and velocity changes. This expression simplifies to show 
that a change in propagation time is proportional to a material strain and an 
ultrasonic velocity change. Time domain measurements involve thresholds, noise, 
amplitude variations and complex propagation laws. Of course, the instrument 

is more of a phase velocity device which is not subjected to the group velocity 
constraints of a time domain device. Because of inaccuracies inherently associated 
with measuring in the time domain, the P^L^ system was developed to measure in the 
frequency domain in which stress-induced acoustic phase shifts can be measured 
with great precision. Since the acoustic phase, <f>, is a function of acoustic 
frequency, F, and propagation time, T, the derivative of the phase with respect 
to stress is a function of the stress- induced changes of propagation time and 
frequency as 3howft on the preceding page. Since our system maintains constant 

phase, the stress derivative of the acoustic phase is forced to equal zero. The 
above expression then simplifies to show that the stress-induced frequency shift 
measured by the P^l 2 directly related to the small stress-induced change in 
ultrasonic pulse propagation time. This can be rewritten to show that the 
stress-induced frequency shift is proportional to a stress-induced strain and a 
stress-induced velocity change. 
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ORIGINAL page is 
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TYPICAL. CRITICAL, FASTENERS 



Some typical critical fasteners for which preload was verified using the P 2 L 2 
are shown In the upper figure. The bolt shaped like a trailer hitch ball 
holds an external solid-rocket booster onto the Delta Launch Vehicle. The 
large fastener to the right holds the front of the Space Shuttle orbiter to 
the external fuel tank. Other bolts shown Include a Space Shuttle landing 
gear wheel bolt, a Shuttle Infrared Leeside Temperature Sensor (SILTS) bolt 
and a typical aircraft bolt. Also shown Is a typical test sample rod used for 
experimental work. 

The bottom left figure shows preload verification for critical fasteners 
holding blades on a scaled turbine rotor for the National Transonic Cryogenic 
Wind Tunnel Faciltty (NTF) at NASA Langley. The lower right figure shows preload 
measurements being made for the SILTS safety dome bolts. These fasteners are 
critical tc the safety of the Space Shuttle since the safety dome prevents 
combustible hydrazine from coming Into contact with posstble ignition sources 
within the SILTS electronics* 
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STRESS (KSI) 


Preload measurements were made for mine safety roof bolts which perform the 
critical function of keeping the roof rock material under compressive stress 
to prevent cave-ins. Typical frequency versus stress data for three tightening 
cycles of a 6-foot-long roof bolt shows that the data are very linear and 
repeatable. As previously mentioned, the P Z L Z system can even measure preload 
accurately for poor geometry fasteners. Even though the typical stamped 
aircraft bolt shown above has raised markings on the head and a safety wire 
hole at the end, stress versus frequency data obtained during four tightening 
cycles is seen to be very linear and repeatable. 






<rs> 


P a L» IN PORTABLE CARRYING CASE 

.3? if'r^~ZnKiA r <~>f i /■;■.:*•?; YJ\ 


OF POOR QUALITY 





Ml j, ... s 1* m l*J 

fe&ZZl: *» ' -f-t /»*- v -v. 'Ms*) W 


Mil.:. 


Si?|*-4 




ARMY HELICOPTER CRITICAL MAIN ROTOR BOLTS 

i np^-ap. 



AH-64 HELICOPTER 27% ROTOH 


200 


160 


Ultrasonic 
bolt stress, 100 
ksi 



20 40 00 80 100 120 140 

Actual bolt stress, ksl 


7 7 

The latest state-of-the-art PL system is packaged in a carrying case the 
size of a small suitcase* This system can be carried into the field for 
performing preload measurements such as those made for the Army AH-64 
helicopter main rotor bolts* Actual.bolt stress versus strain and ultrasonic 
P Z L Z frequency data shows that the P Z L Z gives an even better Indication of 
bolt stress than does strain measured with a micrometer. 
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As previously pointed out, the P 2 * 4 L system has found widespread use for 
measurements other than bolt preload. For example, this system was used to 
measure stress In two flexible steel plates (Ref. 5) which comprise the 
variable nozzle of a critical NASA wind tunnel. The P Z L Z measured plate 
stress changes using transducers (top right Fig.) to send and receive sound 
waves across the plate surface. The P^i/ system has even been used to measure 
stress changes In rock as can be seen in the bottom figure in which a rock 
sample Is compresslvely stressed with a hydraulic loading machine with 
transducers (hidden from view) sending sound waves through the rock sample. 

The P Z L Z also measures material properties and has been used for a number of 
material studies (Refs. 6, 7, and 8), 
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CONCLUDING REMARKS 
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